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MULTI-LAYER DIELECTRIC CONTAINING DIFFUSION BARRIER MATERIAL 

BACKGROUND 

[0001] The present disclosures relate to semiconductor devices and semiconductor device 
mtinufacturing, and more particularly, to a multi-layer dielectric containing diffusion barrier 
material. 

Related Art 

[0002] As the dimensions of semiconductor devices continue to get smaller and smaller, 
various semiconductor device design requirements must be met. For example, the design 
requirements for a silicon nitride gate dielectric may include one or more of reducing gate 
leakage, maintaining or improving device performance (Gm, mobility) with a targeted 
threshold voltage. In addition, the design requirements may require a reduced negative bias 
temperature instability (NBTI), where Vt shift after high temp stressing is a big problem on 
silicon nitride (SiN) or silicon oxynitride (SiON). 

[0003] One possible way to reduce gate leakage includes using silicon nitride (SiN) on a 
single crystal substrate. The dielectric constant (k) of pure SiN is on the order of 
approximately 7.8. Accordingly, the dielectric constant (k) of pure SiN is approximately two 
times (twice) that of Si02. However, one problem with using pure deposited SiN is that it 
produces a high interface state density (Dit) and bulk traps. 

[0004] Accordingly, there is needed a structure and method for overcoming the problems 
in the art as outlined above. 


SUMMARY 

[0005] According to one embodiment, a method for forming a dielectric comprises 
forming a first dielectric layer over semiconductor material; introducing a diffusion barrier 
material into the first dielectric layer; and forming a second dielectric layer over the first 
dielectric layer after the introducing. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The embodiments of the present disclosure are illustrated by way of example and 
not limited by the accompanying figures, in which like references indicate similar elements, 
and in which: 

[0007] Figure 1 is a cross-sectional view of a portion of a multi-layer dielectric structure 
during fabrication according to one embodiment of the present disclosure; 

[0008] Figure 2 is a cross-sectional view of the portion of the multi-layer dielectric 
structure of Figure 1 during further fabrication according to one embodiment of the present 
disclosure; 

[0009] Figure 3 is a graphical representation of a nitrogen concentration profile within the 
portion of the multi-layer dielectric structure of Figure 2; and 

[0010] Figure 4 is a cross-sectional view of the multi-layer dielectric structure according 
to an embodiment of the present disclosure. 

[0011] Skilled artisans appreciate that elements in the figures are illustrated for simplicity 
and clarity and have not necessarily been drawn to scale. For example, the dimensions of 
some of the elements in the figures may be exaggerated relative to other elements to help 
improve an understanding of the embodiments of the present disclosure. 

DETAILED DESCRIPTION 

[0012] As will be discussed further herein, the present embodiments provide a low 
nitrogen concentration at a lower interface between the first dielectric layer and the substrate, 
to minimize interface state density (Dit) and minimize fixed charges (or bulk traps). One 
such interface includes a SiON/Si interface. The present embodiments further provide a low 
nitrogen concentration at the lower interface, between the first dielectric layer and the 
substrate, to reduce negative bias temperature instability. 

[0013] In addition, the embodiments of the present disclosure provide high nitrogen 
concentration in at least an interface between the first dielectric layer and the second 
dielectric layer to block undesired dopant penetration. For example, the interface may 
include an interface between a high K (or medium K) dielectric and an underlying SiON, 
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wherein the high nitrogen concentration acts as a barrier layer to block undesired dopant 
penetration from an overlying P+ poly gate or metal gate. 

[ 0014 ] Figure 1 is a cross-sectional view of a portion of a multi-layer dielectric structure 
during fabrication according to one embodiment of the present disclosure. A wafer structure 
10 includes a substrate 12 having a dielectric layer 14 disposed thereon, forming an interface 
16 between the substrate and the dielectric layer. Substrate 12 may include any one of a bulk 
silicon substrate, an SOI substrate, or other single crystal substrate. In one embodiment, the 
dielectric layer 14 includes a silicon dioxide (SiOa) layer. Silicon dioxide layer 14 is formed 
on substrate 12, using any well known technique, to have a thickness on the order of 
approximately 10 to 15 angstroms or less. Furthermore, layer 14 has a top surface 18. 

[ 0015 ] Subsequent to forming layer 14, the wafer structure 10 is processed in a manner to 
transform layer 14 into a nitrided oxide layer. In one embodiment, layer 14 is transformed 
into a plasma nitrided oxide layer (PNO layer). Forming the PNO includes exposing layer 14 
to a plasma nitridation process 20. The plasma nitridation process 20 includes using a pure 
nitrogen gas 20a fed into plasma 20b for creation of ionic and radical species of and N 2 * 
(denoted by reference numeral 20c) impinging upon surface 18 of layer 14. Furthermore, the 
plasma nitrided thin base oxide layer incorporates a small amount of N at the bottom 
interface and a relatively high N at the top interface. Plasma sources are known in the art and 
not further discussed herein. In another embodiment, layer 14 can be transformed into the 
nitrided oxide layer using nitrogen implantation, a thermal anneal using a nitrogen species, or 
other suitable method. 

[ 0016 ] Figure 2 is a cross-sectional view of the portion of the multi-layer dielectric 
structure of Figure 1 during further fabrication according to one embodiment of the present 
disclosure. That is, a second dielectric layer 22 is formed on surface 18 of layer 14, the 
second dielectric layer 22 having a thickness on the order of approximately 10-30 angstroms 
or more, depending upon the material of the layer. Second dielectric layer 22 includes a high 
k or medium k dielectric material, to include at least one of metal oxide, metal silicate, or 
metal oxynitride. A top surface of dielectric layer 22 is denoted by reference numeral 24. 

The dielectric material can include one or more other materials as provided herein below. 
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[0017] In one embodiment, dielectric layer 22 includes silicon nitride (Si 3 N 4 > for 
providing a high level of nitrogen at the top of dielectric layer 14. Depositing silicon nitride 
on top of the PNO layer 14 takes advantage of the gradual gradient N profile of the PNO 
layer. Lastly, one or more of the following may be used for the Si 3 N 4 deposition including: 
atomic layer deposition (ALD) SiN deposition, rapid thermal chemical vapor deposition 
(RTCVD), low pressure chemical vapor deposition (LPCVD) SiN, or plasma enhanced CVD 
(PECVD) SiN to achieve a final nitrogen profile close to an ideal profile. 

[0018] Formation of the second dielectric layer 22 upon layer 14 also includes the 
forming of a diffusion barrier, wherein the diffusion barrier is formed at least at the surface 
18 of layer 14. In one embodiment, the diffusion barrier includes a thin layer of nitrogen 
having a thickness on the order of less than 10 angstroms. The diffusion barrier prevents 
penetration of undesired dopants from subsequently formed layers, such as, a subsequently 
formed gate electrode. In another embodiment, the second dielectric layer forms a diffusion 
barrier that includes the entire second dielectric layer, for example, a pure nitride layer. 

[0019] Figure 3 is a graphical representation of a nitrogen concentration profile within the 
portion of the multi-layer dielectric structure of Figure 2. In particular, the graphical 
representation profile is shown in terms of nitrogen concentration across the depths of layers 
22, 14, and 12. The vertical axis includes nitrogen concentration in units of number of 
nitrogen atoms per cubic centimeter (#/cm^). The horizontal axis includes a depth dimension 
representation of layers 22, 14, and 12, as well as respective surfaces/interfaces 24, 18, and 
16. 

[0020] In one example, as shown, dielectric layer 22 contains a nitrogen concentration 
profile on the order of approximately 4x10^' per cm^ throughout the depth dimension of layer 
22, that is, across the depth of layer 22 from surface 24 to surface 18 of layer 14. Layer 14 
includes a nitrogen concentration profile in the form of a gradual gradient, beginning with a 
nitrogen concentration on the order of approximately 4x10^' per cm^ at surface/interface 18 
and gradually decreasing to a level on the order of approximately 2x10^° per cm^ at 
surface/interface 16 of substrate 12. The nitrogen concentration proximate surface/interface 
16 preferably includes a minimal nitrogen incorporation. In addition, from the 
surface/interface 16, the nitrogen concentration further diminishes with depth within substrate 
12 . 
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[0021] In addition, other nitrogen concentration profiles for layer 22 are possible. For 
example, layer 22 may not contain any nitrogen at all. Moreover, layer 22 may contain a 
different profile and/or level of nitrogen than as shown in Figure 3. 

[0022] Figure 4 is a cross-sectional view of the multi-layer dielectric structure according 
to an embodiment of the present disclosure. In particular, a gate electrode 26 is formed on 
surface 24 of dielectric layer 22. Gate electrode 26 includes either one of a poly material or a 
metal, having a thickness sufficient for an intended semiconductor device. Forming the gate 
electrode 26 includes forming a layer of gate material over the second dielectric layer and 
patterning the layer of gate material to form a gate from the layer of gate material, the gate 
being located over the second dielectric layer. 

[0023] The stack structure of the present embodiments include a gradient N concentration 
profile within the first dielectric layer 14, with a low concentration of N at the bottom 
interface between the first dielectric layer and the underlying substrate. The stack structure 
further includes a total high overall N concentration that provides an overall higher dielectric 
constant (k) and lower leakage current (Jg). 

[0024] Accordingly, the present embodiments advantageously provide for overall higher 
k, better carrier mobility, smaller VT shift and small NBTI due to lower N amount at the 
Si02/Si interface. The embodiments also reduce and/or prevent undesired boron (B) 
penetration due to most of nitrogen being distributed at the top of the SiON, resulting in 
better dielectric reliability (TDDB) and reduced Vt shift. The embodiments still further 
provide lower Dit, and further provide for higher performance and hot carrier immunity 
(HCI). The higher performance and HCI are provided due to low N concentration at the 
bottom interface, between the first dielectric layer 14 and the underlying substrate 12. Still 
further, the embodiments provide benefits of Tqx scalability and gate leakage reduction due 
to high nitrogen at the bulk of the gate dielectric. 

[0025] According to one embodiment, the multi-layer dielectric structure includes a two- 
step nitridation process. The two-step nitridation process utilizes different controllable 
nitridation conditions of each step to achieve a high [N] at the top interface and the bulk, as 
well as low [N] at the bottom interface. 
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[0026] According to one embodiment of the present disclosure, a method for forming a 
dielectric includes forming a first dielectric layer over semiconductor material, introducing a 
diffusion barrier material into the first dielectric layer, and forming a second dielectric layer 
over the first dielectric layer after the introducing. 

[0027] In one embodiment, the diffusion layer material includes nitrogen and the second 
dielectric layer is a relatively higher K dielectric than the first dielectric layer. The process of 
introducing a diffusion barrier material into the first dielectric layer includes at least one of 
the following: performing plasma processing of the diffusion barrier material into the first 
dielectric layer; implanting the diffusion barrier material into the first dielectric layer; and 
performing a thermal anneal of material including the diffusion barrier material into the first 
dielectric layer. 

[0028] In one embodiment, the semiconductor material includes silicon. The 
semiconductor material includes at least one of single crystal silicon, strained silicon, or 
silicon germanium. In another embodiment, the first dielectric layer includes silicon dioxide. 
Alternatively, the first dielectric layer can include at least one of germanium oxide and 
silicon germanium oxide. In yet another embodiment, the second dielectric layer includes 
silicon nitride. Alternatively, the second dielectric layer includes at least one of germanium 
nitride, silicon germiuiium nitride, and a metal silicon oxynitride. 

[0029] Still further, the second dielectric layer can include a high K dielectric, wherein 
the high K dielectric includes at least one of a metal oxide, a metal silicate, and a metal 
oxynitride. The metal oxide includes at least one of hafnium oxide, aluminum oxide, 
lanthanum oxide, titanium oxide, and tantalum oxide. The metal silicate includes at least on 
of hafnium silicate, aluminum silicate, lanthanum silicate, titanium silicate, and tantalum 
silicate. The metal oxynitride includes at least one of hafnium oxynitride, aluminum 
oxynitride, lanthanum oxynitride, titanium oxynitride, and tantalum oxynitride. Lastly, the 
metal silicon oxynitride includes at least one of hafnium silicon oxynitride, aluminum silicon 
oxynitride, lanthanum silicon oxynitride, titanium silicon oxynitride, and tantalum silicon 
oxynitride. 

[0030] After the introducing, the diffusion material has a gradual gradient profile in the 
first dielectric layer. In other words, after the introducing, a bottom portion of the first 
dielectric layer has lower concentration of the diffusion barrier material than an upper portion 
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of the first dielectric layer, wherein a concentration gradient profile is formed that gradually 
transitions from the higher concentration at the upper portion to the lower concentration at the 
bottom portion. Still further, the introducing forms a barrier layer including the diffusion 
barrier material in an upper portion of the first dielectric layer. 

[0031] According to another embodiment, a method includes forming a first dielectric 
layer of silicon dioxide over semiconductor material of silicon. Nitrogen is introduced into 
the first dielectric layer. A second dielectric layer is formed over the first dielectric layer 
after the introducing, wherein the second layer includes silicon nitride. Lastly, a layer of gate 
material is formed over the second dielectric layer. 

[0032] In one embodiment, the introducing includes performing a plasma nitridation 
process. The plasma nitridation process is characterized as a remote plasma nitridation 
process. In another embodiment, the introducing includes implanting nitrogen into the first 
dielectric layer. The introducing further includes annealing the first dielectric layer after the 
implanting. Still further, in another embodiment, the introducing includes flowing a nitrogen 
bearing gas over the first dielectric layer and then annealing the first dielectric layer. 

[0033] After the introducing, the nitrogen has a gradual gradient profile in the first 
dielectric layer. In other words, after the introducing, a bottom portion of the first dielectric 
layer has lower concentration of nitrogen than an upper portion of the first dielectric layer. 
Furthermore, the introducing forms a barrier layer of silicon nitride in an upper portion of the 
first dielectric layer. The method further includes patterning the layer of gate material to 
form a gate from the layer of gate material, the gate being located over the second dielectric 
layer. 

[0034] According to yet another embodiment of the present disclosure, a semiconductor 
device includes semiconductor material; a first dielectric layer located over the 
semiconductor material, wherein the first dielectric layer includes a diffusion bturier material 
having a gradual gradient profile and having a higher concentration is an upper portion of the 
first dielectric layer and a low concentration in a lower portion of the first dielectric layer; a 
second deictic layer located over the first dielectric layer; and a gate located over the second 
dielectric layer. 
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[0035] The diffusion layer material of the device includes nitrogen. The second dielectric 
layer is a relatively higher K dielectric than the first dielectric layer. The semiconductor 
material includes silicon. Alternatively, the semiconductor material can include at least one 
of single crystal silicon, strained silicon, or silicon germanium. In addition, the first dielectric 
layer can include silicon dioxide. Alternatively, the first dielectric layer can include at least 
one of germanium oxide and silicon germanium oxide. The second dielectric layer includes 
silicon nitride. Alternatively, the second dielectric layer can include at least one of one of 
germanium nitride and silicon germanium nitride. 

[0036] In another embodiment, the second dielectric layer includes a high K dielectric. 
The high K dielectric includes at least one of a metal oxide, a metal silicate, and a metal 
oxynitride. The metal oxide includes at least one of hafnium oxide, aluminum oxide, 
lanthanum oxide, titanium oxide, and tantalum oxide. The metal silicate includes at least one 
of hafnium silicate, aluminum silicate, lanthanum silicate, titanium silicate, and tantalum 
silicate. The metal oxynitride includes at least one of hafnium oxynitride, aluminum 
oxynitride, lanthanum oxynitride, titanium oxjmitride, and tantalum oxynitride. The metal 
silicon oxynitride includes at least one of hafnium silicon oxynitride, aluminum silicon 
oxynitride, lanthanum silicon oxynitride, titanium silicon oxynitride, and tantalum silicon 
oxynitride. Furthermore, the device includes a barrier layer located in an upper portion of the 
first dielectric layer, the barrier layer including the diffusion barrier material. 

[0037] In the foregoing specification, the disclosure has been described with reference to 
various embodiments. However, one of ordinary skill in the art appreciates that various 
modifications and changes can be made without departing from the scope of the present 
embodiments as set forth in the claims below. Accordingly, the specification and figures are 
to be regarded in an illustrative rather than a restrictive sense, and all such modifications are 
intended to be included within the scope of the present embodiments. 
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[0038] Benefits, other advantages, and solutions to problems have been described above 
with regard to specific embodiments. However, the benefits, advantages, solutions to 
problems, and any element(s) that may cause any benefit, advantage, or solution to occur or 
become more pronounced are not to be construed as a critical, required, or essential feature or 
element of any or all the claims. As used herein, the term “comprises,” “comprising,” or any 
other variation thereof, are intended to cover a non-exclusive inclusion, such that a process, 
method, article, or apparatus that comprises a list of elements does not include only those 
elements by may include other elements not expressly listed or inherent to such process, 
method, article, or apparatus. 
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